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Vertebrate oocytes proceed through meiosis I before undergoing a cytostatic factor (CSF)-mediated arrest at metaphase of meiosis II. Exit
from MII arrest is stimulated by a sperm-induced increase in intracellular Ca2+. This increase in Ca2+ results in the destruction of cyclin B1,
the regulatory subunit of cdk1 that leads to inactivation of maturation promoting factor (MPF) and egg activation. Progression through
meiosis I also involves cyclin B1 destruction, but it is not known whether Ca2+ can activate the destruction machinery during MI. We have
investigated Ca2+-induced cyclin destruction in MI and MII by using a cyclin B1-GFP fusion protein and measurement of intracellular Ca2+.
We find no evidence for a role for Ca2+ in MI since oocytes progress through MI in the absence of detectable Ca2+ transients. Furthermore,
Ca2+ increases induced by photorelease of InsP3 stimulate a persistent destruction of cyclin B1-GFP in MII but not MI stage oocytes. In
addition to a steady decrease in cyclin B1-GFP fluorescence, the increase in Ca2+ stimulated a transient decrease in fluorescence in both MI
and MII stage oocytes. Similar transient decreases in fluorescence imposed on a more persistent fluorescence decrease were detected in
cyclin-GFP-injected eggs undergoing fertilization-induced Ca2+ oscillations. The transient decreases in fluorescence were not a result of
cyclin B1 destruction since transients persisted in the presence of a proteasome inhibitor and were detected in controls injected with eGFP and
in untreated oocytes. We conclude that increases in cytosolic Ca2+ induce transient changes in autofluorescence and that the pattern of cyclin
B1 degradation at fertilization is not stepwise but exponential. Furthermore, this Ca2+-induced increase in degradation of cyclin B1 requires
factors specific to mature oocytes, and that to overcome arrest at MII, Ca2+ acts to release the CSF-mediated brake on cyclin B1 destruction.
D 2004 Published by Elsevier Inc.Keywords: Fertilization; InsP3; Mouse oocytes
Introduction controlled by maturation promoting factor (MPF), a hetero-In vertebrate oocytes, meiosis involves two rapidly
successive cell divisions. In the first meiotic division (MI),
homologous chromosomes are separated, while in the sec-
ond (MII), sister chromatids separate in a manner akin to
mitotic cell cycles. These meiotic cell divisions are critical
for generating early embryos of appropriate ploidy and, due
to chromosome non-disjunction, represent the major source
of chromosomal errors that result in early embryo loss
(Hassold and Hunt, 2001). Progression through these mei-
otic divisions, like those of the mitotic cell cycle, is0012-1606/$ - see front matter D 2004 Published by Elsevier Inc.
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E-mail address: j.carroll@ucl.ac.uk (J. Carroll).dimer consisting of cyclin-dependent kinase I and a regula-
tory B-type cyclin (Draetta et al., 1989; Gautier et al., 1990;
Labbe et al., 1989).
MPF activity increases just before germinal vesicle
breakdown (GVBD) and remains elevated during a pro-
tracted first meiotic M-phase. When the first meiotic spindle
is assembled, a transient inactivation of MPF accompanies
the metaphase–anaphase transition and extrusion of the first
polar body (Brunet et al., 2003; Hashimoto and Kishimoto,
1986; Jones, 2004). Under the influence of the returning
MPF activity the MII spindle forms and it is at this stage,
metaphase of the second meiotic division, the oocyte arrests
(Hampl and Eppig, 1995; Hashimoto and Kishimoto, 1986;
Verlhac et al., 1996). Relief from this arrest is provided by
the fertilizing sperm. Inactivation of MPF during exit from
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complex (APC), a multi-subunit E3 ligase that ubiquitinates
cyclin B1, thereby targeting it to the 26S proteasome for
degradation (Fang et al., 1999; Glotzer et al., 1991; King et
al., 1996; Peters, 2002; Zachariae and Nasmyth, 1999).
Arrest at MII is maintained by a second activity, namely,
cytostatic factor (CSF). CSF activity is assayed from its
ability to cause metaphase arrest in blastomeres of dividing
embryos (Masui, 2001; Masui and Markert, 1971; Sagata et
al., 1989; Tunquist and Maller, 2003). CSF activity is
mediated by inhibition of the APC, thereby slowing the
rate of cyclin B ubiquitination and destruction (Tunquist
and Maller, 2003). The molecular nature of CSF has not
been fully elucidated. One component required to establish
a CSF arrest is the mos–MAP kinase pathway, as shown by
the ability of mos and MAP kinase to induce metaphase
arrest in blastomeres and by the finding that ablating the
pathway leads to a failure to arrest at MII (Colledge et al.,
1994; Hashimoto et al., 1994; Sagata et al., 1989; Tunquist
and Maller, 2003). MAP kinase activity first increases
around the time of GVBD and is maintained throughout
meiosis I and II, decreasing after fertilization when the
pronuclei form. In Xenopus oocytes, MAP kinase leads to
the activation of p90rsk (Bhatt and Ferrell, 1999; Gross et
al., 2000) and the spindle checkpoint protein, Bub1
(Schwab et al., 2001). Thus, the mos–MAP kinase pathway
may lead to metaphase arrest through mechanisms analo-
gous to those of the spindle assembly check point (Tunquist
et al., 2002).
At metaphase II, relief from CSF-mediated arrest is
provided by a sperm-induced increase in intracellular Ca2+.
There is strong evidence to suggest that the effects of Ca2+
are mediated by calmodulin-dependent protein kinase II
(CaMII kinase) (Lorca et al., 1991, 1993; Markoulaki et
al., 2003; Winston and Maro, 1995), but it is not known how
this leads to activation of the APC. The requirement for this
Ca2+ increase to overcome CSF-mediated MII arrest also
raises a conundrum. That is, during the MI–MI transition,
when the mos–MAP kinase pathway is also active, how is
the decrease in MPF activity induced (Hampl and Eppig,
1995; Hirao and Eppig, 1997; Kalab et al., 1996; Tunquist
and Maller, 2003; Verlhac et al., 1994, 1996)? The difference
in MI and MII may arise due to the presence of additional
components of CSF in meiosis II, such as cyclin E-cdk2
(Gabrielli et al., 1993; Tunquist et al., 2002) or Emi1
(Reimann and Jackson, 2002; Reimann et al., 2001), that
may not be present or active during meiosis I. Alternatively,
a signal may be generated at MI, analogous to that generated
at fertilization that is able to override CSF activity during MI.
An increase in Ca2+ is an excellent candidate for such a
signal since Ca2+ stimulates the metaphase to anaphase
transition in MII- and MI-arrested mouse and ascidian eggs
(Eppig et al., 1994; McDougall and Levasseur, 1998),
mitotic sea urchin embryos (Groigno and Whitaker, 1998;
Poenie et al., 1986), and somatic cells (Kao et al., 1990; Xu
et al., 2003).Recently, the dynamics of the degradation of cyclin B1
during meiosis I and II have been followed by monitoring
the degradation of a cyclin B1-GFP fusion protein expressed
from microinjected cRNA (Herbert et al., 2003; Ledan et al.,
2001; Levasseur and McDougall, 2000; Nixon et al., 2002).
During the MI–MII transition, the destruction of cyclin B1-
GFP reporter was seen to take place over a 1- to 2-h period,
stopping at the completion of MI (Herbert et al., 2003;
Ledan et al., 2001). At fertilization of ascidian eggs (that are
arrested at meiosis I), the fertilization induced Ca2+ tran-
sients initiates a steady increase in the rate of cyclin B1
destruction after a delay of about 3 min (Levasseur and
McDougall, 2000). In contrast, in MII-arrested mouse eggs,
the destruction of cyclin B1-GFP tracks the first Ca2+
increase with no observable delay between the onset of
the increase in Ca2+ and the decrease in cyclin B1-GFP
(Nixon et al., 2002). Subsequent transients resulted in
further decremental falls in cyclin B1-GFP or an increased
rate of degradation (Nixon et al., 2002). The rapid kinetics
of cyclin B1-GFP degradation led to the suggestion that the
proteasome may be the main target for Ca2+, although an
effect on the APC could not be ruled out.
Here we address the part played by Ca2+ in cyclin
destruction in MI and MII. We show in cyclin B1-GFP-
injected mouse oocytes that an increase in Ca2+ is neither
necessary nor sufficient for the stimulation of cyclin B1
degradation during MI. In MII arrested eggs, we find that
the rate of cyclin B1 degradation is increased by Ca2+
transients at fertilization and that this destruction is a steady
increase in rate, rather than in steps that track the Ca2+
transients. This conclusion is based on the discovery of
Ca2+-dependent decreases in autofluorescence that overlap
with the excitation–emission spectrum of eGFP. Our data
are consistent with a model for Ca2+-stimulated cyclin
destruction whereby an increase in Ca2+ leads to an increase
in activity of the APC in a manner that requires an activity
that is exclusive to mature MII oocytes.Materials and methods
Collection of oocytes
Immature germinal vesicle (GV) stage oocytes were
collected from 4- to 6-week-old MF1 mice that had been
injected 44–52 h previously with 7.5 IU of pregnant mare’s
serum gonadotrophin (PMSG, Intervet). Mice were killed
and the ovaries placed in HEPES-buffered KSOM (H-
KSOM) (Lawitts and Biggers, 1993) or M2 (Fulton and
Whittingham, 1978). Ovaries were transferred to H-KSOM
or M2 containing 200 AM IBMX to maintain the oocytes at
the GV stage. Cumulus-enclosed oocytes were recovered
from the ovaries by puncturing the surface of the ovary with
a 27-guage needle. The cumulus-enclosed oocytes were
collected and washed and placed in drops of H-KSOM or
M2 containing IBMX under oil (Mineral oil (embryo
P. Marangos, J. Carroll / Developme28tested), Sigma). The oocytes were maintained on a 37jC hot
block until injection or release from meiotic arrest.
For the collection of mature MII stage oocytes, mice were
administered 5 IU of human chorionic gonadotrophin (hCG,
Intervet) 48–52 h after PMSG injection. The mice were
killed by cervical dislocation 13–16 h post hCG and the
oviducts removed into H-KSOM. For experiments on the
microscope stage, the cumulus masses were released from
the oviducts into H-KSOM containing hyaluronidase (150
units ml1) (embryo tested grade, Sigma). The oocytes were
removed immediately after release from the cumulus mass,
washed, and transferred into drops of H-KSOM under oil.
In vitro fertilization and parthenogenetic activation
For in vitro fertilization, the epididymis was dissected
from proven fertile MF1 males that had been culled by
cervical dislocation. The epididymis was transferred into 1-
ml drops of pre-equilibrated (5% CO2 in air) T6 medium
containing 10 mg ml1 bovine serum albumin (BSA,
Fraction V Sigma). Sperms were released by puncturing
the epididymis with a 27-gauge needle. The sperms were
placed in the incubator for 20 min during which time the
sperm dispersed into a suspension. This suspension was
diluted one in five in drops of the same medium under oil
and incubated for another 2–3 h for capacitation to occur.
IVF was performed in drops of H-KSOM under paraffin oil.
The zona pellucida of MII stage oocytes was removed by a
brief exposure to acidified Tyrode’s solution (Sigma). Sperm
was added to the zona-free MII oocytes at a 1 in 10 dilution
of the capacitated sperm suspension. For imaging experi-
ments, zona-free oocytes were placed in a heated chamber
with a cover glass base containing 0.5 ml of H-KSOM
without BSA for 3–5 min. Complete H-KSOM (0.5 ml) was
then added to the chamber and the media were covered with
oil to prevent evaporation. Capacitated sperm was then
added to the chamber.
Parthenogenetic activation was performed by incubating
MII-arrested oocytes in Ca2+-free H-KSOM containing 10
mM SrCl2 for 2 h. All manipulations and incubations of
sperm and oocytes were at 37jC.
Proteins for injection
Cyclin B1-GFP was obtained either as a gift from Jon
Pines (Cambridge) as a purified protein at a concentration of
7 mg ml1 or was made as previously described (Clute and
Pines, 1999; Krude et al., 1997). Briefly, cyclin B1-GFP
consists of Mm-GFP fused with human cyclin B1. For
expression in baculovirus, it has been His tagged at the
amino terminus and cloned into pVL1393 (Clute and Pines,
1999). The fusion protein was expressed in Sf9 insect cells
via infection with the baculovirus. The protein was purified
on Ni2+ agarose followed by ion exchange chromatography
using a MonoQ column. Eluted protein was concentrated to
7–10 mg ml1.Microinjection
Oocytes were microinjected with a micropipette and
Narishige manipulators mounted on a Leica-inverted micro-
scope. Micropipettes with an internal filament were pulled
and back-filled with approximately 1–2 Al of the appropri-
ate reagent. Oocytes were placed in a drop of H-KSOM
under paraffin oil in a lid of a 3-cm Falcon culture dish and
were immobilized using a holding pipette. The injection
pipette was pushed through the zona pellucida and against
the plasma membrane. The pipette was inserted into the
oocyte by a brief overcompensation of negative capacitance.
Pressure pulse was applied via a PicoPump pressure injec-
tion system (WPI) attached to a nitrogen cylinder. The
amount of solution injected was 2–5% of egg volume based
on cytoplasmic displacement. For microinjection of cyclin
B1-GFP and eGFP (Clontech), an estimated 2–5 pg was
injected. Fura-2 dextran was injected to a final concentration
of 2–4 AM and caged-Ins(1,4,5)P3 (Molecular Probes), 20–
50 AM. After microinjection, the oocytes were removed to
the hot block in fresh drops of H-KSOM under oil and
allowed to recover for a few minutes.
Imaging
Oocytes were placed in a heated chamber (35–37jC) on
the stage of a Zeiss Axiovert 100TV. Excitation of cyclin B1-
GFP (480 or 490 nm), eGFP (480 or 490 nm), Fura-red (430/
490 nm), and Fura-2 (340/380 nm) was via a monochromater
(Till, Germany) controlled by Metafluor software (Universal
Imaging, Marlow, UK). For excitation of cyclin B1-GFP or
eGFP, we also filtered the excitation light with a 450- to 500-
nm band pass filter to remove low levels of broad spectrum
light from the monochromater. A 510 nm dichroic mirror
was used for all experiments. The emitted light was collected
through a 520-nm band pass filter for the GFP, a 520-nm
long pass for Fura-2, and a 600-nm long pass for Fura red.
InsP3 was photoreleased approximately 30 min after caged
InsP3 injection by exposure to UV light (360 nm). The
exposure times were 1 s for mature MII oocytes and 3 s
for maturing oocytes. Fluorescence was collected through a
20  0.75 NA objective. Images were acquired using a
Princeton Instruments MicroMax interline cooled CCD
camera. Data were collected and analyzed using Universal
Imaging Metafluor and Metamorph software.
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Cyclin destruction in MI takes place in the absence of global
Ca2+ transients
Progression through the MI–MII transition is associated
with cyclin B destruction and MPF inactivation (Hashimoto
and Kishimoto, 1986; Ledan et al., 2001). However, it takes
place in the absence of an exogenous signal (sperm) and
Fig. 1. Destruction of cyclin B1 and progression throughMI are independent
of Ca2+. (A and B) GV stage oocytes were microinjected with cyclin B1-
GFP protein and released from IBMX-induced arrest. The oocytes were
monitored from 3 to 5 h after release (representative trace shown in A). The
fluorescence is stable until about 5 h after release when an increase in the rate
of cyclin B1-GFP destruction is detected and continues for 1–2 h (black
line) (n = 20). Pb shows the time within 30 min that the polar body was
extruded. In B, the rate of loss of cyclin B1-GFP is measured in arbitrary
units (F/F0). Measurements were made during the early ‘stable’ period and
during the period of ‘instability’ when cyclin B1-GFP is being destroyed
during MI. Error bars show SEM. Incubation of the oocytes with MG132
abolishes the decrease in fluorescence and maintains a stable level of cyclin
B1-GFP fluorescence for the duration of the recording (grey line) (n = 16) (A
and B). (C) Oocytes were microinjected with Fura-2 dextran and Ca2+ was
monitored beginning 5 h after release from IBMX. In 29 oocytes that were
examined, 15 extruded the polar body and 14 of these showed no
perturbations of baseline Ca2+ while one oocyte showed a single Ca2+
transient that did not accompany the Pb extrusion. Pb indicates time of polar
body extrusion within 30 min. The difference in the timing of Pb extrusion
between (A and C) is accounted for by the fact that exogenous cyclin
accelerates meiosis I (Ledan et al., 2001; Marangos and Carroll, in press).
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(Paules et al., 1989; Tunquist and Maller, 2003; Verlhac et
al., 1994). We have addressed the question of a role for an
endogenously driven Ca2+ transient in the destruction of
cyclin B1 during meiosis I. Oocytes that had recently
undergone GVBD were injected with cyclin B1-GFP pro-
tein to monitor cyclin destruction during meiosis I. Consis-
tent with previous findings of Ledan et al. (2001), we found
that cyclin B1-GFP is stable for 2–3 h before it becomes
unstable and begins to be destroyed over a period of
approximately 2 h (Figs. 1A, black line, and B). During
this time, the homologous chromosomes separate and the
first polar body is extruded (Fig. 1A, arrow). In our experi-
ments, 13 of 20 cyclin B1-GFP-injected oocytes extruded
the first polar body, with the remainder arresting at MI. No
decrease in cyclin B1-GFP fluorescence was seen during MI
if oocytes were incubated in MG132 to inhibit the protea-
some (Figs. 1A, grey line, and B). Inhibition of proteasome-
mediated cyclin B destruction also resulted in arrest of the
oocytes at MI (not shown) as described elsewhere (Josefs-
berg et al., 2000).
We tested the possibility that Ca2+ transients are respon-
sible for the initiation of cyclin B destruction in MI. Oocytes
were injected with Fura 2-dextran approximately 4 h after
release from the follicle and Ca2+ was monitored through to
extrusion of the first polar body. In 29 oocytes examined, 15
extruded the first polar body. Ca2+ transients were not
detected in 14 of these oocytes that were followed from
just after GVBD to after polar body extrusion (Fig. 1C),
with one oocyte showing a single small Ca2+ transient.
Thus, a detectable Ca2+ transient is not associated with the
onset of cyclin destruction or the resulting metaphase to
anaphase transition in MI.
An increase in Ca2+ is sufficient to stimulate cyclin B1-GFP
degradation at MII but not MI
In the absence of any detectable changes in Ca2+ during
the MI–MII transition, we next sought to investigate
whether an increase in intracellular Ca2+ was sufficient to
induce cyclin B degradation during MI. It is known that
InsP3-induced Ca
2+ release is less sensitive in maturing
oocytes than in mature eggs (Carroll et al., 1994; Fujiwara
et al., 1993; Jones et al., 1995; Mehlmann and Kline, 1994).
In agreement, we found that a similar ratio change of fura
red (410/490) in MI and MII stage oocytes required a 3- and
1-s UV exposure, respectively (Fig. 2A, black trace). Con-
trol oocytes, not injected with caged InsP3, showed no Ca
2+
change in response to UV exposure (Fig. 2A, grey trace).
Thus, any changes in fluorescence ratio could be attributed
to InsP3-induced Ca
2+ release.
In maturing oocytes injected with cyclin B1-GFP, there
was a slow basal rate of loss of fluorescence (Fig. 2B, top
trace, quantified in C). Photorelease of InsP3 caused a rapid
decrease in fluorescence that unexpectedly, given the GFP-
cyclin B1 could not be replenished, often showed some
Fig. 2. Ca2+-stimulated cyclin destruction is specific to oocytes arrested in an MII-like state. (A) Maturing MI stage and MII arrested oocytes were
microinjected with caged InsP3 and loaded with Fura-red AM (5 AM) to monitor Ca2+. Three seconds of UVexposure generated a Ca2+ transient in MI oocytes
similar to that induced by a 1-s UV exposure in MII eggs. Exposure to UV in the absence of caged InsP3 induced no changes in intracellular Ca2+ (grey line).
Time of UV flash is indicated by *. B shows representative fluorescence changes recorded using the GFP filter set in MI (top trace) and MII stage oocytes
(bottom three traces) after photorelease of InsP3 (+IP3) or in controls (IP3). The quantification of the rate of fluorescence before and after release of InsP3 is
shown in C. Note that in response to a UV flash (indicated by the dashed line in B), MI (n = 14) and MII (n = 16) stage oocytes injected with cyclin B1-GFP
and caged InsP3 (+InsP3) both show an immediate decrease in fluorescence that is followed in the MII stage oocyte by a prolonged period of an increase in the
rate of loss of fluorescence (quantified in C). Oocytes not injected with caged InsP3 (InsP3) did not show a prolonged increase in rate of fluorescence
decrease (B, third trace, quantification in C). The last trace in B shows a short lived fluorescence change that is induced in eggs containing caged InsP3 but not
cyclin B1-GFP. This represents a transient change in autofluorescence.
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excursion, there was no effect of InsP3-induced Ca
2+ release
on the average rate of fluorescence decrease (Figs. 2B and
C). In MII-arrested oocytes, photorelease of InsP3 was also
associated with an immediate rapid decrease in fluores-
cence. However, in contrast to MI stage oocytes, this was
followed by a period of 10–30 min where the rate of loss of
fluorescence was faster than before the release of InsP3(Figs. 2B and C). No prolonged change in the rate of
fluorescence decrease was seen in oocytes not injected with
InsP3 (Fig. 2B, third trace). Thus, InsP3-induced Ca
2+
release caused rapid transient decreases in fluorescence in
MI and MII, and a more persistent loss of fluorescence only
in MII-arrested oocytes.
The recovery of the rapid decrease in fluorescence was
not consistent with it being derived from a non-renewable
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whether MI- and MII-arrested eggs showed any Ca2+-
induced changes in fluorescence in the absence of cyclin
B1-GFP. Using similar experimental conditions as used for
the experiments outlined above, oocytes were found to yield
a low level of autofluorescence (Fig. 2B, bottom trace).
Typically, autofluorescence levels were stable and repre-Fig. 3. The dynamics of Ca2+-induced cyclin B1-GFP degradation at fertilizatio
fertilization. The addition of sperm leads to a long-lasting series of Ca2+ oscillatio
and fertilized. Black line: single egg showing a stepwise decrease in fluorescenc
subsequent decreases. Note also that in this egg the fluorescence shows a partial rec
after fertilization (Bi). The rates of the decrease in fluorescence was measured befo
of the first transient (Bii and iii) (n = 15). Data show the mean F SD. (C) Eggs we
eGFP-injected eggs examined showed oscillations in baseline fluorescence that wsented about 20–40% of the fluorescence levels recorded
from cyclin B1-GFP-injected oocytes. On release of InsP3,
the autofluorescence showed a sharp decrease similar to that
seen in cyclin B1-GFP-injected eggs. However, after this
transient change, the autofluorescence returned to baseline
levels and showed no change in slope from the horizontal
(Fig. 2B, bottom trace). This suggests that some or all of then. MII-arrested eggs were loaded with Fura 2 and Ca2+ was monitored at
ns (A). In B, MII oocytes were microinjected with cyclin B1-GFP (2–5 pg)
e. Grey line: an example of another egg where the first step is larger than
overy. In all cases, there is a net increase in the rate of fluorescence decrease
re fertilization, after fertilization, and during the downward slope of the step
re microinjected with eGFP (2–5 pg) and monitored during fertilization. All
ere dependent upon the presence of sperm (n = 6).
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dependent decrease in autofluorescence, and the more
persistent decrease in fluorescence seen in MII eggs is
attributable to degradation of cyclin B1-GFP.
Degradation of cyclin B1-GFP in MII eggs undergoing
fertilization
At fertilization of mouse oocytes, the sperm triggers a
series of Ca2+ transients that last for several hours. A typical
series of transients is shown in Fig. 3A. Given the finding
that Ca2+ can stimulate decreases in autofluorescence as
described above, we decided to investigate the origin of
fluorescence changes in eggs injected with cyclin B1-GFP
(2–5 pg). Consistent with previous findings (Kubiak et al.,
1993; Nixon et al., 2002; Winston, 1997), the degradation of
cyclin B1 is active in metaphase II-arrested eggs. This is
illustrated in our data by a decrease in fluorescence before
the fertilization response at a rate of 0.005 AU min1 (Fig.Fig. 4. Sr2+-containing medium causes fluorescence decreases similar to
fertilization in cyclin B1-GFP-injected eggs. MII oocytes were injected with
cyclin B1-GFP (A) or eGFP (B), and fluorescence was monitored during
exposure to Ca2+-free H-KSOM containing 20 mM Sr2+. Note that the
pattern of the decrease in fluorescence invoked by Sr2+ is similar to that
seen at fertilization. Decremental changes were seen in all cyclin B1-GFP
injected eggs (n = 26). Control eggs injected with eGFP showed oscillations
in fluorescence but no net decrease in fluorescence (n = 15).
Fig. 5. Inhibition of the proteasome inhibits the gradual decrease in cyclin
B1-GFP fluorescence but not the oscillations. MII oocytes were micro-
injected with cyclin B1-GFP and fluorescence was monitored during
fertilization. The proteasome inhibitor MG132 (50 AM) was added before
(A) or during (B) fertilization (n = 20 and 12, respectively). Note that in the
presence of MG132, there is no net decrease in cyclin B1-GFP fluorescence
but that oscillations in baseline fluorescence persist.3Biii). The initiation of sperm-induced Ca2+ signalling was
marked by an interruption of the basal decline in fluores-
cence by a sharp decrease in fluorescence at a rate of 0.085
AU min1. The response showed some variability between
eggs, and the first step was often substantially larger than
subsequent steps (Fig. 3B). The decremental steps were a
component of an overall gradual increase in the rate of loss
of fluorescence (0.012 AU min1). Similar to the sharp
decreases in fluorescence induced by caged InsP3, the
fluorescence level after each step often showed partial
recovery, suggesting that this cannot be attributed to cyclin
B1-GFP (see Fig. 3B, grey line). A further control was
performed by imaging fluorescent changes in eggs injected
with eGFP (2–5 pg) in the same conditions as those used
for cyclin B1-GFP. Fluorescence from eGFP-injected
oocytes was stable and showed no deviation from the
baseline. After addition of sperm, the eGFP-injected oocytes
showed oscillations in fluorescence that were of similar
amplitude to those observed in the presence of cyclin B1-
GFP. This further supports the conclusion that the persistent
decrease in fluorescence seen in cyclin B1-GFP-injected
oocytes can be attributed to degradation of the protein while
the stepwise decreases in fluorescence are a result of Ca2+-
dependent changes in autofluorescence.
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fluorescence changes
To determine whether the fluorescence changes associ-
ated with Ca2+ increases were specific to fertilization, weFig. 6. Fertilization stimulates oscillations in autofluorescence that are Ca2+-depend
in the absence of any fluorescent probes or indicators. Using the same filters
autofluorescence signal was detectable (A). Addition of 2 mM BAPTA to the
reversible manner. Readdition of 2 mM CaCl stimulated a resumption of the osci
representative of 25 eggs undergoing fertilization and an additional nine eggs were
(normalized to the maximum) for autofluorescence (grey line) and eGFP (black l
overlapping curves show that the excitation spectra of autofluorescence and eGFhave sought a fertilization-independent means of inducing
Ca2+ oscillations. Sr2+-containing medium is known to
induce Ca2+ oscillations in mouse oocytes (Bos-Mikich et
al., 1995; Cheek et al., 1993). In oocytes injected with
cyclin B1-GFP, Sr2+containing media elicited a stepwiseent. MII-arrested oocytes were placed on the microscope stage and fertilized
as for cyclin B1-GFP, the fluorescence was monitored and an oscillating
chamber to chelate extracellular Ca2+ caused the oscillations to stop in a
llations (B). In A and B, the arrow is the time of sperm addition. Data are
exposed to Ca2+-free medium. In C, the intensity of the emitted fluorescence
ine) was sampled across a range of wavelengths from 430 to 490 nm. The
P are inseparable.
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(Fig. 4A). In contrast, the addition of Sr2+to oocytes injected
with eGFP showed a series of oscillations of fluorescence
(Fig. 4B) and no net decrease in fluorescence. Thus, a
different means of generating Ca2+ oscillations result in a
similar series of fluorescence changes, the stepwise compo-
nent of which is independent of cyclin B1.
Inhibition of the proteasome in cyclin B1-GFP-injected
oocytes prevents the gradual loss of fluorescence but not the
stepwise changes
To investigate the role of proteasome in the decreases in
fluorescence seen at fertilization, we recorded fluorescence
in the presence of the proteasome inhibitor, MG132. We
have previously shown that MG132 inhibits cyclin B1
destruction in eggs as assayed by its ability to inhibit exit
from MII (Brind et al., 2000). Addition of MG132 either
before exposure to sperm or after the decremental steps had
started led to the inhibition of the gradual decrease in
fluorescence, but not the generation of transient decreases
in fluorescence (Fig. 5). Thus, it is apparent that transient
decreases in fluorescence seen at fertilization of eggs con-
taining cyclin B1-GFP occur independently of proteasome-
mediated degradation of cyclin B1-GFP.
Fertilization induces Ca2+-dependent oscillations in
autofluorescence
Taken together, these observations suggest that fertiliza-
tion-induced Ca2+ transients are accompanied by decreases
in autofluorescence that can interfere with eGFP measure-
ments. The origin of autofluorescence in these wavelengths
(510–550 nm) is commonly caused by mitochondrial
FAD+. This is the first observation of Ca2+-associated
autofluorescence changes at fertilization and raises the
possibility of a hitherto unknown role for Ca2+ signalling
at fertilization; that of stimulating mitochondrial function.
To address this possibility further, we monitored autofluor-
escence in eggs undergoing fertilization in the absence of
any fluorescent probes. To optimize the signal, the acquisi-
tion time of the camera was increased to 700 ms (from 300
to 500 ms used in the presence of cyclin B1-GFP). The
addition of sperm to oocytes resulted in an initial large
transient decrease in autofluorescence followed by a series
of oscillations (Fig. 6). The absence of any exogenous
fluorescent probes or indicators confirms that these changes
are due to autofluorescence. These oscillations in autofluor-
escence were dependent on sperm-induced Ca2+ transients
since they could be reversibly inhibited by removing extra
cellular Ca2+ (Fig. 6B).
The excitation–emission spectra of flavoprotein auto-
fluorescence are known to overlap with that of eGFP (Chen
et al., 2002; Duchen et al., 2003). To compare the excitation
spectra of autofluorescence and eGFP in our imaging set up,
we have used a monochromater to provide a series ofexcitation wavelengths between 430 and 490 nm at 5-nm
intervals. This light was used to excite unloaded eggs or
eGFP-injected eggs using the same filter set that we used for
monitoring cyclin B1-GFP (440–500 band pass excitation
filter, a 510 dichroic mirror, and a 520–560 emission filter).
The data in Fig. 6C illustrate that the two excitation spectra
are similar with only a 10-nm difference in the excitation
maxima; approximately 470 nm for autofluorescence and
480 nm for eGFP. Thus, using conventional epi-fluores-
cence microscopy, it is not possible to separate the two
signals when they coexist.Discussion
The data described in this paper demonstrate that exit
from MI is independent of an increase in Ca2+ and that
Ca2+-dependent cyclin B1 destruction is exclusive to MII-
arrested eggs. Thus, the acquisition of an activity during the
transition from MI to MII renders the APC sensitive to Ca2+.
In addition, our experiments have revealed a novel Ca2+-
dependent decrease in autofluorescence that impacts on the
interpretation of fluorescence changes reported in eggs
containing cyclin B1-GFP.
Cyclin B1 destruction in meiosis I is independent of
intracellular Ca2+
In experiments presented here, we have shown that
degradation of cyclin BI at MI takes place in the absence
of Ca2+ transients and is not increased by imposed Ca2+
transients. These findings are supported by previous obser-
vations showing that buffering intracellular Ca2+ using
BAPTA has no effect on first polar body extrusion (Tombes
et al., 1992). One contradictory observation is that Ca2+-free
medium can prevent polar body extrusion (Tombes et al.,
1992). However, Ca2+-free medium may have other effects,
such as inhibition of protein synthesis (Bos-Mikich et al.,
1995), which may explain this observation. On balance,
these data suggest that an increase in Ca2+ is neither
necessary nor sufficient to activate the APC and drive cyclin
B1 degradation during MI.
The lack of any apparent role for Ca2+ during MI
suggests that activating the APC and cyclin B1 degradation
is under different control mechanisms at MI and MII.
During MI, the APC is stimulated even in the presence of
an active mos–MAPK pathway (Herbert et al., 2003; Ledan
et al., 2001). At MII, this is not the case since a positive
signal in the form of a Ca2+ transient is required to increase
APC activity and achieve the M–A transition. Thus, the MII
stage oocyte appears to have an additional brake on the APC
that is sensitive to Ca2+.
It is clear that new activities emerge between MI and MII
since oocytes normally progress through MI unimpeded and
arrest at MII, despite the presence of active mos–MAP
kinase pathway at both stages. Experimental evidence for
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by the ability to arrest blastomeres in metaphase, only
appears in mouse oocytes after first polar body formation
(Ciemerych and Kubiak, 1998). However, it is not the
transition from MI to MII that is important, rather, develop-
ments in the cytoplasm that take place late during oocyte
maturation. This is demonstrated by the observation that
oocytes that remain arrested in MI despite being matured for
a normal time period will arrest with an MI spindle (Eppig
et al., 1994). Furthermore, fertilization of oocytes arrested at
MI leads to normal events of oocyte activation—indicating
that cyclin B1 degradation is unaffected by the presence of
an MI spindle (Eppig et al., 1994). The tight temporal
relationship between the appearance of bona fide CSF
activity and the ability of Ca2+ to drive APC activation
and cyclin B destruction raises the possibility that this late-
appearing CSF activity may indeed be the Ca2+ sensor for
APC activation.
The molecular identity of the proposed Ca2+-sensitive
CSF activity is not known, although several candidates
exist. Cyclin E/cdk1 is necessary for CSF activity in
Xenopus oocytes, but it has not been investigated in other
systems. Inhibitors of the APC-activating protein cdc20/
fizzy and cdh1 (Golan et al., 2002; Kotani et al., 1999) are
ideal candidates for CSF activity at MII. These proteins
include spindle assembly checkpoint proteins of the Mad
and Bub families and a more recently identified protein,
Emi1 (Reimann and Jackson, 2002). Emi1 has a CaMII
kinase phosphorylation site, but it is not known whether this
site plays a role in its activity as a cdc20 inhibitor. It is
tempting to speculate that Ca2+-induced activation of CaMII
kinase at fertilization (Lorca et al., 1993, 1994) inhibits
Emi1–cdc20 interaction thereby allowing APC activation
(Reimann and Jackson, 2002). The activity of the APC is
also regulated by phosphorylation status (Vorlaufer and
Peters, 1998), raising the possibility that a Ca2+-sensitive
kinase or phosphatase may play a role in inhibition of the
APC at MII. Finally, novel, meiosis-specific, APC regula-
tors have been discovered in yeast (Blanco et al., 2001;
Bolte et al., 2002; Cooper et al., 2000) that may provide new
candidates for Ca2+-sensitive CSF components.
Our findings suggest a scenario for cyclin B1 destruction
at fertilization where, between MI and MII when CSF
activity appears, the APC becomes sensitive to Ca2+. The
sperm-induced increase in Ca2+ relieves the effects of this
MII-specific inhibitor of the APC, thereby promoting cyclin
ubiquitination and destruction, leading to inactivation of
MPF and exit from MII. A similar conclusion has also been
drawn in a paper in press at the time of writing (Hyslop et
al., 2004).
Ca2+-stimulated cyclin B1 degradation at fertilization:
stepwise or continuous—proteasome or APC?
It has been appreciated for many years that the stimulus
for cyclin B degradation at egg activation is provided by anincrease in Ca2+ (Glotzer et al., 1991; Tunquist and Maller,
2003). Our initial data (see Fig. 2B) and those published
previously (Nixon et al., 2002) indicated that fertilization
stimulates a stepwise pattern of cyclin B1 destruction that
tracks the Ca2+ transients. The finding that the decrease in
cyclin B1-GFP fluorescence was extremely rapid and si-
multaneous with the increase in Ca2+ raised the possibility
that Ca2+ directly activates the proteasome (Nixon et al.,
2002), as suggested in biochemical experiments in frog and
ascidian egg extracts (Aizawa et al., 1996; Kawahara and
Yokosawa, 1994). However, an effect on the APC could not
be ruled out (Nixon et al., 2002), and it is well established
that the brake on cyclin destruction in CSF-mediated arrest
is at the level of the APC rather than the proteasome
(Tunquist and Maller, 2003). An effect of Ca2+ on the
APC does not, however, fit well with the immediate
decrease in fluorescence, but is more consistent with a
slower onset of cyclin B1-GFP destruction.
This apparent discrepancy is resolved by several obser-
vations that suggest the rapid onset steps in fluorescence are
not accounted for by cyclin B1-GFP degradation. Firstly, the
fluorescence decreases often showed some recovery which
is not consistent with the loss of cyclin B1-GFP protein.
Secondly, inhibition of the proteasome with MG132
inhibited the gradual decrease in fluorescence seen after
fertilization, but not the small transient oscillations in
fluorescence. Thirdly, the presence of oscillations in fluo-
rescence in eGFP-injected eggs and in eggs containing no
fluorescent probes indicates the presence of Ca2+-dependent
changes in autofluorescence. Together, these observations
suggest that in our conditions there are two components to
the fluorescence records from cyclin B1-GFP-injected eggs.
First is a Ca2+-stimulated persistent increase in the loss of
fluorescence that represents destruction of cyclin B1-GFP
and, second, is a stepwise decrease that is consistent with a
Ca2+-dependent transient decrease in autofluorescence.
Thus, in mouse eggs, cyclin B1-GFP destruction at fertil-
ization appears to be similar to that described in ascidian
eggs (Levasseur and McDougall, 2000): a Ca2+-induced
exponential increase in the rate of destruction of cyclin B1-
GFP. The slower kinetics of cyclin B1-GFP degradation
reported here is consistent with a role for Ca2+ in stimulating
the APC rather than the proteasome. More recently, experi-
ments in press at the time of writing elegantly demonstrate a
lack of effect of Ca2+ on proteasome activity in mouse eggs
(Hyslop et al., 2004). Cyclin B1 probes that are not affected
by changes in autofluorescence will be required to deter-
mine the precise pattern of Ca2+-induced cyclin B1 destruc-
tion in mammalian eggs.
Autofluorescence oscillations at fertilization of mouse eggs
A major source of green autofluorescence is mitochon-
drial flavoproteins. As such, the Ca2+-dependent decrease in
autofluorescence at fertilization suggests that Ca2+ may
stimulate mitochondrial activity in early mammalian devel-
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ascidian eggs (Dumollard et al., 2003). It is surprising that
these autofluorescence changes have not been reported
previously, but real-time imaging using comparatively low
levels of GFP fusion proteins is a new application in
mammalian eggs and embryos (Halet et al., 2002; Ledan
et al., 2001; Nixon et al., 2002; Zernicka-Goetz and Pines,
2001). The autofluorescence changes may have been missed
in previous studies if the levels of fluorescence from GFP-
cyclin B1 were sufficient to mask the relatively small
changes in autofluorescence (Nixon et al., 2002).
The decrease in autofluorescence most likely reflects
Ca2+-dependent stimulation of the mitochondrial dehydro-
genases of the TCA cycle resulting in an increase in the less
fluorescent reduced form of FAD (FADH2). In other cell
types, such as hepatocytes, Ca2+-induced stimulation of
mitochondrial dehydrogenases provides a mechanism of
matching metabolic demand with activity in the cell (Haj-
noczky et al., 1995; Robb-Gaspers et al., 1998; Rutter et al.,
1996). Recent observations suggest that sperm-induced
Ca2+ signalling, in addition to restarting the cell cycle, is
also responsible for increasing ATP supply at the very start
of development (Dumollard et al., 2004).Acknowledgments
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